In 19 patients the left apex cardiogram was recorded by a transducer with infinite time constant; at the same time left ventricular (tip manometer) and aortic pressures were recorded during cardiac catheterisation. The relation between two relaxation time intervals in the apex cardiogram and haemodynamic as well as angiocardiographic indices ofleft ventricular performance were studied. These apex cardiographic time intervals were: (1) the timefrom the onset of the aortic component of the second heart sound (S2) in thephonocardiogram to the negative peak of the first derivative (dA/dt) of the apex cardiogram, termed early apex cardiographic relaxation time, and (2) the timefrom S2 to the point where dA/dt after having reached its negative peak ascends to the zero line, termed total apex cardiographic relaxation time.
In 19 patients the left apex cardiogram was recorded by a transducer with infinite time constant; at the same time left ventricular (tip manometer) and aortic pressures were recorded during cardiac catheterisation. The relation between two relaxation time intervals in the apex cardiogram and haemodynamic as well as angiocardiographic indices ofleft ventricular performance were studied. These apex cardiographic time intervals were: (1) the timefrom the onset of the aortic component of the second heart sound (S2) in thephonocardiogram to the negative peak of the first derivative (dA/dt) of the apex cardiogram, termed early apex cardiographic relaxation time, and (2) the timefrom S2 to the point where dA/dt after having reached its negative peak ascends to the zero line, termed total apex cardiographic relaxation time.
In 100 normal subjects early apex cardiographic relaxation time averaged 3±12 (+1 SD) ms and total apex cardiographic relaxation time was 93±16 ms. In 11 patients with non-obstructive cardiomyopathy and decreased left ventricular function early and total apex cardiographic relaxation times were significantly (P<0*001) prolonged (52+23 ms and 152±23ms, respectively), whereas in 8 patients without or with only minimal left ventricular pressure or volume overload they were within normal limits (-1 ± 8 ms and 94±9 ms, respectively).
Thefollowing significant correlations were observed between early apex cardiographic relaxation time and internally measured indices of left ventricular performance: maximal rate ofpressurefall (min dP/dt) in the left ventricle (r=-0 87), velocity of lengthening of the contractile elements at minimum dP/dt (r=-0.83), and ejection fraction (r=-0-80) ; significant correlations with several other values of left ventricularfunction (end-diastolic pressure, maximal dP/dt, and peak measured velocity of shortening of the contractile elements) were also observed. In the totalgroup ofsubjects total apex cardiographic relaxation time correlated significantly with early apex cardiographic relaxation time (r= + 0.67); further, in the catheterised patients total apex cardiographic relaxation time showed less close correlation with the internal indices.
The early and total relaxation time intervals in the left apex cardiogram are two important noninvasive methods for assessing left ventricular performance in man.
that this time interval was identical with the iso-grip test (Krayenbuehl et al., 1972 and was volumic relaxation period and concluded that this found to be within normal limits as was the ejection interval might 'be a useful avenue to the study of fraction in cineangiocardiogram of the left ventricle. the condition of left ventricular function in man'.
The present study was designed to assess the Group 2 clinical value of relaxation time intervals measured This group consisted of 11 patients with nonfrom the apex cardiogram by simultaneous record-obstructive cardiomyopathy and decreased left heart ing of its first derivative and the phonocardiogram function at rest, as determined by the measurement by (1) defining the normal values of these intervals, of the isovolumic contractile indices and of the (2) comparing patients with impaired left ventricu-internal relaxation indices as well as by the ejection lar function with controls, (3) correlating the apex fraction; in most cases these patients showed an cardiographic relaxation intervals with internally abnormal or pathological response on handgrip measured indices of left ventricular performance, test (Krayenbuehl et al., 1972 . Four patients and (4) comparing these correlations with those of had, in addition, slight mitral regurgitation (less widely used isovolumic time measurements (Mason than 012 regurgitation fraction as measured by et al., 1965; Spodick and Kumar, 1968) with the thermodilution method); 3 patients also had labile same haemodynamic indices. arterial hypertension, 1 had a small persistent ductus arteriosus, 1 had a ventricular septal defect (both Subjects and methods with a left-to-right shunt of less than 15 per cent of the pulmonary flow), and 1 had slight aortic SUBJECTS stenosis (mean systolic pressure gradient deterApex cardiograms were recorded in 119 subjects, mined by planimetry 6 mmHg). all of whom had sinus rhythm. In 100 healthy individuals apex tracings alone were recorded, METHODS whereas in the other 19 subjects apex cardiograms Apex cardiograms were recorded with the subject were recorded during left heart catheterisation. The in the left lateral decubitus position, usually at an catheterised patients were premedicated with 10 mg angle of 20 to 40°; the pulse transducer was held by chlordiazepoxide or 5 mg diazepam given orally hand at the point of maximal impulse of the apex one hour before the procedure. Informed consent beat of the heart. In healthy persons of group la was obtained from each person. apex tracings were also recorded in different positions, both of the body as well as of the axis of Group la of the transducer, and with variation of the pressure This group consisted of the 100 healthy volunteers applied to the transducer in relation to the chest with no cardiovascular abnormality as detected on wall, in order to evaluate the possible effects of physical examination, x-ray film, or electrocardio-these factors on the relaxation time intervals of the gram, in whom apex tracings alone were recorded in apex cardiograms. The pulse transducer was conorder to establish the normal range of the apex structed in our laboratory (Manolas et al., 1975) and cardiographic relaxation time intervals and to consisted of a Marey capsule (diameter 2 cm) with evaluate the possible influence of the resting heart the interior surface of this capsule directly conrate on them. nected without air leakage (Kastor et al., 1970) to a Bio-Tec-transducer (BT 250-T), which had a flat Group lb response at frequencies from 15 000 Hz down to 0 This group consisted of 8 patients without left heart with an infinite time constant; the distance from the valvular disease and without, or with only slight, transducer to the opening of the capsule measured pressure or volume overloading of the left ventricle; 0 7 cm. Because of its design this system had no 3 patients had a small persistent ductus and 1 had a measurable time delay (Piemme, 1963 relaxation time, measured from the onset of the where 28 is the coefficient of series elasticity; similarly aortic component of the second heart sound (S2) in the velocity oflengthening of the contractile elements the phonocardiogram to the negative peak of at min dP/dt was determined ([min dP/dt]/[PT281), dA/dt, and (2) the total apex cardiographic relaxaaccording to the value of (dP/dt)/(P 28) at the point tion time measured from S2 to the protodiastolic of maximal pressure fall in the left ventricle, also nadir of the apex tracing, the latter being defined in muscle lengths/s. The duration of the isovolumic more accurately by determining the point where phase of left ventricular systole was measured from dA/dt after having reached its negative peak the onset of the rise of the left ventricular pressure ascended and reached the zero line; this provides curve to the point of crossover of the left ventricle a more accurate temporal measurement of the protoand aortic pressure curves. Measurements were diastolic nadir (O point) of the apex tracing.
also made of the time interval from the onset of For each haemodynamic and apex cardiographic left ventricular contraction to the peak of dP/dt measurement 3 to 5 separate heart cycles were (t-dP/dt).
averaged. AoP, aortic pressure; AS, aortic stenosis; CMP, nonobstructive cardiomyopathy; EART, early apex cardiographic relaxation time; TART, total apex cardiographic relaxation time; EF, ejection fraction; HR, heart rate; IVCT, isovolumic contraction time; LVEDP, left ventricular end-diastolic pressure (at rest/during handgrip; LVPac, left ventricular pressure at the level of the aortic closure; M, male; F, female; max dP/dt, maximal rate of rise of left ventricular pressure; MR, mitral regurgitation; min dP/dt, minimal rate of dP/dt; (min dP/dt)/(P-28) =velocity of lengthening of the contractile elements at min dP/dt; P, probability; PDA, persistent ductus arteriosus; t-dP/dt, time from the onset to peak dP/dt; Vpm, peak measured velocity of shortening of the contractile elements; VSD, ventricular septal defect; ML, muscle length. Listed are mean values ± SD. The P values were obtained by the unpaired Student's t test. NS, not significant (P > 0 05).
Results shortening of the contractile elements (Vpm), and the velocity of lengthening of the contractile ele- Table 1 summarises the overall data obtained for ments at min dP/dt ([min dP/dt]/[P284), as well as haemodynamic, cineangiographic, and apex cardio-the ejection fraction; further, the isovolumic congraphic measurements in the catheterised patients. traction time (IVCT) at P < 0'01. Moreover, the age The mean values of the following indices of left was significantly different (P< <0001) in these two ventricular performance showed a significant groups. In contrast, there was no significant difdifference at the level of P < 0 001 in the two ference between groups lb and 2 in the mean values groups: the time from onset to the point of maximal of the heart rate, left ventricular end-diastoJic presrise of the left ventricular pressure (t-dP/dt), maxi-sure at rest and during handgrip test, systolic and mal rate of the left ventricular pressure rise (max diastolic aortic pressures, as well as the left vendP/dt), maximal rate of pressure fall in the left ven-tricular pressure at the time of the aortic valve ventricle (min dP/dt), peak measured velocity of closure /LVPac). timing total apex cardiographic relaxation time could always be measured. Total apex cardiographic relaxation time was significantly (P < 0 001), but only very poorly, correlated with resting heart rate (r=-0.32); less close, but also statistically sig- Table 2 shows the correlation coefficients cal-nificant (P<0.01), was the correlation with age culated by means of linear regression analyses for all (r= + 0 30). Total apex cardiographic relaxation catheterised patients using early or total apex cardio-time averaged 93 ±16 ms in normal subjects, the graphic relaxation times as independent variables range being from 63 to 123 ms; it was significantly and indices derived from cardiac catheterisation prolonged (P < 0.001) in group 2 (152 ±23 ms). An data as dependent variables. Neither apex cardio-identical significant inverse correlation was present, graphic relaxation time interval correlated signi-as shown in Table 1 , between total apex cardioficantly with LVPac or systolic and diastolic aortic graphic relaxation time and contractile relaxation pressures.
indices (min dP/dt and [min dP/dt]/ [P.28] ) (r= Early apex cardiographic relaxation time is -0.84); the correlations with other haemodynamic defined as the interval between S2 of the phono-and ventriculographic values was less close. In concardiogram and the negative peak of the first deri-trast, there was no significant correlation with left vative of the apex tracing. This interval could not be ventricular end-diastolic pressure. Total apex measured in 20 per cent of the normals (group la) cardiographic relaxation time was significantly because of the presence of multiple peaks in the (P <0 .001) correlated to early apex cardiographic derivative tracing; in addition, early apex cardio-relaxation time (r= +0 67). (Fig. 2) . The value of the The interrelation between internally measured early apex cardiographic relaxation time was not, relaxation values and other 'contractile as well as or was only slightly, influenced by differences in the ventriculographic indices was also examined in the position of the body as well as of the axis of the present study. The maximal rate of left ventricular transducer and the extent of pressure to the trans-pressure fall, called min dP/dt, showed an excellent ducer in relation to the thoracic wall. No significant correlation with max dP/dt (r= +0 93); less close were the correlations with ejection fraction (r= relaxation velocity of the contractile elements, as +0 88) and with Vpm (r= +0 83); all these corre-indicated by the quotient (dP/dt)/P, in ischaemic lations were significant at P < 0-001. The velocity of coronary disease was studied in this laboratory lengthening of the contractile elements at min (Rutishauser et al., 1971 and it was condP/dt, termed (min dP/dt)/(PT28), was significantly cluded that 'relaxation was more altered than con-(P < 0-001) correlated with ejection fraction r= traction'. These observations accord with the +088), Vpm (r=+0-73), and max dP/dt (r= findings in our present study that both min dP/dt +0 63).
and (min dP/dt)/ (P-28) correlate significantly with isovolumic contractile indices (max dP/dt and Vpm) INTERNAL TIME INDICES OF as well as with the ejection fraction. Oriol et al. LEFT VENTRICULAR PERFORMANCE (1965) suggested 'a prediction of left atrial pressure In order to evaluate the relative importance of the from S2-0 interval'. However, the value of the apex noninvasively measured relaxation time indices cardiographic relaxation for assessing left ventriderived from the apex tracing and the internally cular function was first pointed out by Benchimol measured isovolumic time indices, linear regression and Ellis (1967) suggesting that the interval from analyses were performed using the latter as inde-the onset of the second heart sound to the 0 point pendent, and other indices of left ventricular per-(S2-0) of the apex tracing was identical with the formance as dependent variables.
isovolumic relaxation time (IVRT) of the left The isovolumic contraction time correlated sig-ventricle; they found, from an excellent set of nificantly (P < 0-001) with max dP/dt (r=-0-69) experiments, 'a decrease of IVRT during and after and ejection fraction (r=-0-67); in contrast, no exercise' and that 'isoproterenol (isoprenaline) significant correlation was observed with Vpm shortened IVRT', and concluded that there was 'no (r=-0-25, P >0.1). The time from the onset to significant correlation between IVRT and age'. peak dP/dt, (t-dP/dt), showed the highest degree of Recently Prewitt et al. (1975) , comparing simultancorrelation with ejection fraction (r=-0-84); it eous recordings of echocardiogram and apex cardiocorrelated less closely with max dP/dt (r=-0-80), gram found that 'the 0 point coincides neither with but both correlations were significant at P <0*001. the initial nor with maximum opening of the There was no significant correlation between mitral valve leaflets'; according to this finding the t-dP/dt and Vpm (r=-028, P >0.1).
S2-0 interval is not identical with the isovolumic relaxation time. In the present study we termed the Discussion S2-0 interval 'total apex cardiographic relaxation time' where the 0 point of the apex tracing was defined more accurately by the use of the first Iii recent years temporal measurements derived derivative of the apex tracing ( Fig. 1 and 2) . from the apex cardiogram have been examined for Our findings show that total apex cardiographic their value in assessing left ventricular function by relaxation time was significantly prolonged in most analysis of simultaneous recordings of the left apex patients with nonobstructive cardiomyopathy and cardiogram and left ventricular pressure in human decreased left ventricular performance (Table 1) . subjects. First Reale (1967) and recently Vetter et Further, it was closely correlated with internally al. (1972) studied the value of the first derivative of measured indices of relaxation and less closely the apex cardiogram. More recently the value of the but significantly with isovolumic contractile indices systolic upstroke time of the apex tracing has been and the ejection fraction (Table 2 ). In contrast, established (Manolas et al., 1976) . The aim of this there was only a weak correlation with the resting study was to compare relaxation time indices heart rate in normal subjects so that a rate correction derived from the left apex tracing with other indices is not necessary. No significant correlation was found of cardiac performance derived from high fidelity between total apex cardiographic relaxation time left ventricular pressure curves and the cineangio-and age in the normals; this contrasts with the cardiograms.
findings of Harrison et al. (1964) . The experimental results of Cohn et al. (1972) in A new index of apex cardiographic relaxation is intact canine hearts showed 'the peak negative introduced in the present communication. The early dP/dt to be a more reproducible measure of the rate apex cardiographic relaxation time was defined of relaxation', and they concluded that negative as the interval between the S2 and the negative peak dP/dt was related to the intrinsic contractility. of dA/dt. Our findings show that the early apex Further, Hirzel et al. (1973) showed that min cardiographic relaxation time can be measured dP/dt was the measurement first affected after in patients with a decreased rate of relaxation coronary occlusion in dogs. Investigation of the because of the presence of a sharp and single peaked negative wave in the first derivative of the time intervals and the isovolumic contraction time apex cardiogram. The mean value of the early apex in their relation to internal indices of left ventricular cardiographic relaxation time was significantly pro-function, it is evident that the former correlate longed in the patients with non-obstructive cardio-more closely to isovolumic contractile indices and myopathy and impaired left ventricular perfor-ejection fraction than the latter, where the corremance compared with the normal subjects. The lation between the isovolumic contraction time and most important finding in the present study con-Vpm was not significant. Mason et al. (1965) sists in the close correlation between early apex suggested the time to peak dP/dt as an excellent cardiographic relaxation time and the invasively index of the contractile state of the left ventricle; measured indices of the relaxation of the left ven-according to our findings in this study this isotricle; moreover, a close relation was present with volumic time index of contraction showed a closer the ejection fraction and with the isovolumic con-correlation with ejection fraction compared with the tractile indices (max dP/dt and Vxw). In contrast, apex cardiographic relaxation intervals, but it was there was no significant correlation between early less closely correlated to max dP/dt and not sigapex cardiographic relaxation time and age in the nificantly to Vpm. These data clearly show the group of normal subjects, thus agreeing with the superiority of early and total apex cardiographic findings of Benchimol and Ellis (1967) . Further-relaxation times over other internally measured more, early qapex cardiographic relaxation time wa temporal indices of left ventricular function. not significantly correlated with the resting heart rate. From these findings it can be concluded that Conclusions the early apex cardiographic relaxation intervals are independent of these factors. Benchimol and Ellis No single index of undisputed value for assessing (1967) pointed out that the 'isovolumic relaxation left ventricular performance in man is available. time' was dependent on three factors: (1) the rate of Isovolumic contraction and relaxation indices fall of left ventricular pressure, (2) the height of derived from left ventricular pressure curves have aortic or left ventricular pressure at the time of aortic been widely used. However, their use in repeated valve closure, and (3) the height of left atriil pres-evaluation of patients with cardiac disease is limited sure at the time of mitral opening. According to our since they require left heart catheterisation. This findings in the present study both early and total study has shown that two relaxation time values, apex cardiographic relaxation times showed no derived from the left apex tracing, show good corsignificant correlation with the left ventricular pres-relation with internal contractile indices and with sure at the time of aortic closure, or with systolic and the ejection fraction. The great value of these indices diastolic aortic pressure; further, there was no signi-derived noninvasively is further enhanced because cant difference in the mean values of these pressures the measurement is inherently simple. However, the between the two groups of the catheterised patients, magnitude of the correlation coefficients does not which could account for the differences in the mean permit one to estimate with sufficient confidence in values of the apex cardiographic relaxation time an individual subject the corresponding invasive intervals between group lb and 2. Furthermore, the indices of relaxation or the ejection fraction on the correlations between apex cardiographic relaxation basis of the noninvasive measurements discussed time intervals and left ventricular end-diastolic above. It should also be noted that this study pressure (Table 2) were poor. Thus, it would appear establishes the usefulness of the apex cardiographic that these apex cardiographic intervals are in-relaxation times for the assessment of interpatient fluenced by changes of slope of the left ventricular differences of basal contractile state in subjects pressure curve after the closure of the aortic valve. without or with only a slight volume or pressure
Comparing the relative importance of early and overload. The validity of early and total apex total apex cardiographic relaxation times as indices cardiographic relaxation time intervals for assessing of left ventricular performance, it should be noted changes in the inotropic state of the left ventricle as ( 
